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© ABSTRACT

-
//’

The time-resolved optical transmission of silicon has been observed
Taw b pricrirs

at A= 1.15 fuuédurlng irradiation by an 8 nsec pulsed laser at 485 nm

e )

with several energy densities in the range of .25 to 1.2 J/@ The \‘,
transmission exhibits a sudden brief drop consistent with the rise and

fall of the reflectivity enhancement. However, the transmission does not
exhibit the strong absorption expected of molten silicon with a skin depth

e ﬂ
of:\‘:\g,].OOA. %




F&

L

e A

The exporiment nost orften cited to support the thermal

melting model of Laser annealiang has been the time-resolved reflectivity
) ]

ey

study of Auston, ¢t al, They showed that the reflectivity rose to a

value roughly that of molten silicon for periods of up to v 500 nscc.

.

Subsequently, the duraticn of this enbanced reflectivity has been used

‘ - - (2)
to measure the duration of the molten phase by a large number of workers,
, . . (3 .
However, we have demonstrated by Raman scattering measurements that the

' pulse with energy

lattice temperature risc 10 nsec after an 8 nsec "heating'
density of v 1 J/cm2 is far below the melting temperature of silicon. The

observed lattice temperature risce of only 300°C could be consistent with the
existence of a wot, dense electron-hole plasma which cxists for tens of nano-

(4)

scconds and retains most of the pulse cnergy. The cnhanced reflectivity

then might be due to a solid-state plasma with densities of the order of

(3)

several times lO21 en 2. However Nathan, et al. scarched for a wavelength
dependence in the duration of this plasma reflectivity and found none in
contradiction with a simple solid state plasma having a density which is a
suoothly varying function of time.
Quite rcccntly(6> we have performed a Raman study of the onsct of
recrystallization following an 8 nsec annealing pulse incident on ion-
implantation-amorphized silicon. We found clear evidence of a large
fraction of recrystallized material after 28 nsce and while the reflectivity
was still enbanced.  (The enhanced reflectivity duration was ~ 50 nsec.) ‘he
observation of such phonon-Raman signals during the enhanced reflectivity
period raises important questions about.ﬁhe optical skin depth of the Raman
probe pulse at 405 nm. For example if the skin depth during this high reflee-
tivity period is much shorter than the normal light penetration depth

-1

(o 7 = .16 um at A = 405 nm), the Raman signal should have been greatly

attenuated,
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Thus, in order o fserove our understanding of the Rawan results and

in order better to uderstand the micin of the reflectivity eohadoenent

=

tself we have pertforaed the complementary experiment, viz. to measure the
time-resolved transmis cion of this cnbhanced=reflectivity phase.  Using a

[

probe at A‘= 1,15 s, woe Vind very lititle absorption during thie tnhanced
|

reflectivity phase io contrast with the kioown skin depth of molten silicon

A . (7)

which ranges from 120 A ot L pym to 80 A at 400 wum, This stands in

direct contradiction with normal thermal melting models of laser anncaling(g)
but is consistent witn the Raman temperature measurements and the Roaman
measurement ol the oot of reerystallization.

For the transmis sion measurements we have used essentially the same

(3,0)

arrangement as previcasly used for monitoring reflectivity during Raman
data acquisition. ‘that ix, a helium~ncon laser operating at 1.15 pm was
focussed to a diameter of 50 pm or less in the center of Lhé pulsced laser
spot of diamcter v 2o e A nitropen-laser—-pumped dye laser provided the

8 nsce excitation puise at A = 485 nme Beam overlap and the power density
at the center of the pulsed bean were repeatedly checked with a 50 ;m dia-
meter pinhole placed viactly at the sample position. A measure of the sizes
of the aunchljng and the probe beams was obtained by the observed ratio of
power transeitted throuph the 50 pm pinhole to the full beam or pulse power.

For the CW probe boeww Che traction transmitted through the 50 i pinhole

was preater than 754, wvhereas for the excitation pulsce oaly 3% was transmitted,

An independent clicek of the pulsed beam sput size and homogeneity was obtained
from the size of the annealed or partially anuealed spol on a silicon surface
amorphized by ion dmplantation. This slightly elliptical spot neasured approxe-
fmately 300 pm by 40U pm wien the power density through the central 50 um was

y ‘Y
adjusted to 1.0/ em”s AL an anncaling pulse energy deasity of 1 d/en™ in the

™




central 29 pnowe Tound an epitaxial rogrowth region of 100=150 um in

. . oy N L. . - . by
diameter indicated by CW Faman polarication measurements. bpitanial

oo . - A . vy
regrowth of the central ropion was confirmed by TEM mncasurements. For
the surrounding anuular region Lo a diameter of v 400 pu the reprowth
appears nu% to be epitaxial,  No evidence of localized hot spols was scen

{
when this beam was groduatly attenuated by veutral density [illers until
even the beam center did not produce aay evidence of anncaling visible
under an optical microscope.  The time resolved measurements were performed
with the L.15 po beawm incident at 10° to the noraal using a germanium PLN
photodiode with a rise tine of 3-4 usec.
-1

The penctration deptiv of the 485 nm pulsced beam is uo = 1.) pm so

i
that if thermal melting occurs one should expeel the welt depth at v 1L J/em”

. to be approximately 1 ym. dlowever if one assumes that only 0.12 um has melted

o
then the 120 A skin depth of moiten silicon still requires that the transmission
=10
at A =1 um would be o o Transmis=sion aeasurcaents fo ostreongly absorbing

media are particularis sensitive to Light Leakage. Therefore, since we Lound

only very weak absorption at Lo15 po during the presumably molten phase (vide

_j;_l_l_[_l‘_a_), we repeated the peasurements for two diffoerent tocal spol sizes of the
1.15 ym probe bheam. 'l'lA‘nns;mi:;sj.ou and reflectivity were measuved with the spot 1
diameter iucrcased by V2 and decreased by a factor of 2. ‘lhe resulis weore
unchanged.

Frapsaission and veflectivity of a 40U pm Lhick unimplanted {107 G=cm)

silicon wafer obscrved with the 1,15 pin probe are shown in Fipgure 1. At

reflectivity lasting approgimately 60 nsce.  The transmission shows a sudden

2 : .
1.1 J/em™ for the 48% am pulsced beaw, one abscrves a Flat=topped eahanced
drop as the veflectivity rises and a corresponding vecovery as the reflectivity

falls., LU is fawedintely apparent that the transmission minimus dovs not {u




~10 . . .
any wav approach the o expected oo the basis of the conservative estimate

of melt depeh piven above.  This resuit stands in direet cnntrudirtinn Lo
the normal thermal melting hypothesis. l

Two additional effcects are also cvident in Fig., 1. 1) The transmission
does not fully rccover when the reflectivity does, bul instead a residual
transmissibp ltoss (of the order of 25%) recovers with a time constant of
about 400 nscc.  (Sce trace ¢ of Fig. 1). 2) The period of sharply
diminished transmission lasting ~ 60 nsec does not possess a horizontal
bottom but shows a coutinuously decreasing transmission. This effcect is
quite reproducible. Tt is tempting to separate the transmission behavior
into twe compor onts.  The first factor is duce to reflective losses at the
silicon-air interfaces for which T = 1-R implies TO = |-.3 = .7 buefore the
pulse arrives and T = 1-.5 = .5 when the high reflectivity phase is reached.
The second factor influencing transmission is likely an absorptive compouent
which apparently incrceases gradually during the highly reflecting plhase and

.

decreases therceafter with the obscrved time constant of v 400 nsce.  This
absorptivce component could arise from free carrier absorption due to the
carriers generated by the 485 nm pulsed beam. The transmission loss not
cxplained by reflectivity changes corresponds to wf = 0.5 wherce & is the
depth of the absorbing region (& ~ lum , the pulsed laser absorption depth).
The free carrier absorption due to laser-generated carriers has been measured
X . . . -18 2 \
and yiclds a cross scetion per carrier of ¢ v 5 x 10 cm at A v 1,006pm.
Thus the absorptive componeat scen in Fig. L would require a carricr density
21 -3

of n = «/s = 10"7em ~. Note that we have not dircctly measured the depth

of the absorbing region and if that depth were somehow less than lym the

calculated carrier density would be correspondingly increasced.

11)




The tipe-vesolved transmission at b~ 1o 0bim was studied Tor o varicty

- 3 .. !
of pulsed laser (485 nm) powers. The {eatures shown in Figure L are re-
produced cxcept that the reflectivity duration varies smoothly from zero

2 2 . .
near 0.5J/cn”™ to v 19 ns near L.5J/em”.  Tn all cases the duration of
the shnrplylroduccd transmission matches the reflectivity duration,
2 . .

1.5J/e¢m” is the damage threshold as cevidenced by permanent surface
morphology changes olscrvable by optical microscopy. Above the damage
threshold the transmission drops to zero within twenty nanoscconds and never
recovers, Thus, we cannot distinguish by transmission neasurcnents a
possible strongty absorbing motten phase from surface damage which refracts
transmitted lipht away {rom the detector.

The principal, striking couclusion of the transmission measurcment is that
there is no cvidence of a molten silicon phase below the damage threshold
with absorption in any way approaching that of normal molten silicon with its

[
skin depth of ~ 100 A, An alternative cxplasation for the Ulat-topped

- . . . . R 4,10
enhanced reflectivity signal is the existence of a dense solid state plasma.( »10)

o . 5 .
The pruesent data, like the results of Nathan, ot ul.,( ) contradict the results
expected from an ordinary Drude model of a simple plasma for the following

reason: The fact that we obtained the usual flat-topped reflectivity be-

. 12), .
havior at Al = 457.9 nm( )lmpl1es that the plasma frequency excecds the

i

laser frequency. Thas hp o hel m lUl) rad/see.  The Drude model of

L
the clectrons then proedicts a skin depeh which deereases with frequency

buelow pt Thus for a probe at Az = 1,15 ym, one ought Lo sce a skin depth

for the light intensity given by

L S U EE - S 00 A . (1)
b 22 - ., 2 2.4
) -~u - 1) g =1,
..(_wp ‘2) Z(ul J2)
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. -1 . ;
L the plaspma cxists to o depth of o0 of the 485 o excitation pulse,

-1 . -
(i = Vol pm) then severe attenuation of the 1ot e probee should oceur,

This is definitely not observed. |

How then are the rerflectivity, transmission, and Raman results to be
understood?  We thing that the simultanceous changes in the transmission and
rcflcclibﬁty signatures with their tlat, nearly constaunt profiles in time
strongly suppest the occurrence of a transition to a phasce with a radically
different index ol refraction.  Van Vechten, ct al.,(“‘lj) in fact, origin-
ally suggestoed the posaibidity of a new {ludd phasc arising from a dense,
hot plasma.,  Such a phase Lransition driven by a deose plasma would produce
a flat=toppes cuhueved vellectivity with a duration not wavelength dependent
and would not require the high absorption which is the corollary of a plasma-
gencrated reflectivity. A plasma veflectivity at A = 457.9 nm requires a
density of

. 2 -
0 o= 'P“”' = 5 x IO"L cm 3

|

with v(+) = L and w® = o . Since the electron system is very dease and
(9] -

presumably very hot the tree electron mass, o, scems a reasenable choice
Q

for m*. The use of a high frequency dielectric constant of L ois probably

not reasonable but the effect of using the optical diclectric constant

v = 12 raises the estimate of n correspondingly higher.  On the othor hand

Al v . (14) .

Van Vechiten and Wautelet have caleulated that thore will be changes

to the clectronic energy band structure and o decrcase ol the band Lap

sufficient to lead to plasma confinement at significantly lowver densities
21 3 , - . 21 .

(v 1077 /em™). Plazaa deasitivs in the low 10 range would be consistent

with the present observations.  Dense plasma of fects are undoubtediy

intimately rvelated to Lhe amealing mechanisms with pulsed lascers and

electron beams but much work still remains before ve obtain a completely

satisfying undevstanding of the physics involvad.
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